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ABSTRACT

Change impact analysis is a useful technique for software evolu- evolution. . .

tion. It determines the effects of a source editing session and pro- Aspect-erented Erogrammmg (AO.P) [12] has been proposed

vides valuable feedbacks to the programmers for making correct as a technlque for Improving separation of concerns n software

decisions. Recently, many techniques have been proposed to supg,es'gn and |mp_lementat|on. In an aspect-oriented system, the ba-
port change impact analysis of procedural or object-oriented soft- sic program unit is an aspect rather than a procedure or a class.

ware, but seldom effort has been made for aspect-oriented softwarefa‘n aspect with its encapsulation of state with associated advice

In this paper we propose a new change impact analysis technique'S & significant different abstraction than the procedure unit within

for Aspect] programs. At the core of our approach isateenic procedural programs or the class unit within object-oriented pro-
changerepresentation which can precisely capture semantic dif- grams. .An AspectJ program can be divided into two paisesse
ferences between two versions of an Aspect] program. We alsotdewhich includes classes, interfaces, and other language con-
present a change impact model, based on static AsepctJ call grapﬁt_rUCtS asin Ja_va, arspect C_OdWh'Ch includes aspects_ for mod-
construction, to determine the impacted program parts, affected £ing crosscutting concerns in the program. With the inclusion of
tests and their responsible affecting changes. As an application ofioi" POINtS, an aspect woven into the base code is solely responsi-
change impact analysis, we discuss how our model can help pro- le for a.partlcular crosscutting concern, which raises thfe system’s
grammers locate the exact failure reason by narrowing down those_mOCIUIarIty among aspec_ts and classes. HQV\_/ever, when implement-
affecting changes when debugging Aspect] programs ing changes in aspect-oriented programs, it involves more complex
The proposed techniques have been implemented in Celadon, dMPact than in the traditional programming languages:
change impact analysis framework for AspectJ programs. We per-
formed an experimental evaluation of the proposed techniques on
24 versions of 8 Aspectd benchmarks. The results show that our
proposed technique can effectively perform change impact analy-
sis and provide valuable debugging information for AspectJ pro-
grams.

rect decisions and then to eliminate potential risks during software

e The woven aspect may change control and data dependency
to the base code, and changing the aspect code can signifi-
cantly affect the semantics of base code.

e Because of the coupling introduced between the base code
and aspect code, when either changes in the base code (like
renaming classes, fields and methods) or the aspect code (like
adding a new pointcut or advice) occur, the semantics of
pointcuts may be silently altered and no compiler or weaver

1. INTRODUCTION

During software evolution, software changes is an essential op-
eration that introduces new functionalities or fixes bugs in the exist-
ing system, or modifies the formal implementation if the require-
ments were not correctly addressed. Usually after a long session
of code editing, the nontrivial combination of these small changes
may affect other parts of program unexpectedly, such as the non-
local changes in object-oriented languages due to the extensive use

can guarantee the correctness.

Failures of regression testing could either result from changes
in the base code or a particular aspect. The more complex
cases raise from the interactions between the base and aspect
code or even the aspect weaving sequences. In such a case,
no single location corresponds to the failure, and the diffi-
culty of finding failure-inducing changes rises dramatically.

of sub-typing and dynamic dispatch. Those likely ripple-effects of
software changes may indicate potential defects in the updated ver- Although many change impact analysis techniques have been
sion. When regression testing fails, it may be difficult for program- presented in the literature, most of the work has been focused on
mers to locate the culprit code by searching through the source. procedural or object-oriented software [5,6, 13, 15, 16]. Since the
Moreover, when programmers developing regression test driversexecutable code of an AspectJ program is pure Java bytecode, an
over time to confirm the added or modified functionality of soft- obviously approach is to apply directly the existing change impact
ware, it is also difficult to have a clear view of whether the existing analysis techniques for Java to the bytecode. In fact, this requires
test drivers are adequate to cover all affected parts in order to keepan analysis to build and maintain a map that associate the effects
the new version working properly with respect to previous releases. of each element in the bytecode back to those of its corresponding
Software change impact analysis [6] is a technique that assesseg&lement in the source code. However, as pointed out by Xu’'s ex-
which parts of a program can be affected if a proposed change isperiment study in [10], there is a significant discrepancy between
made for the program. It can be used to predict the potential im- the AspectJ source code and the woven Java bytecode. This makes
pact of the changes before they applied, or to estimate the potentialit extremely hard to establish such an association map. For exam-
side-effect of changes. The information provided by change im- ple, thecflow pointcut requires code to be woven at many places
pact analysis would be very important for developers to make cor- in the base program, both at the so-called "update” shadows and



the "query” shadows [11]. Moreover, the mapping relationship be-
tween source-level and byte-code level is specific to the AspectJ
compiler being used; different compilers or even different versions
of the same compiler can create completely different mappings.
An alternative approach, which taken in this paper, is to perform
change impact analysis on the source code of Aspect] programs

However, source code level analysis is complicated by the seman-

tic complexity of the AspectJ programming language, such as the
pointcut types, multiple advice invoked at the same join point, the

existence advice precedence et al. Therefore, an appropriate change
impact analysis technique which can capture the subtle semantic
differences and its effects in AspectJ programs are needed. In this
paper, we proposed a new change impact analysis technique for As-
pectJ programs. Our technique uses static AspectJ call graph [14]

as the basis of analysis. At the core of our approach isitbenic
changerepresentation, which can capture precisely the semantic
differences between two AspectJ program versions. Based on call

graph construction and atomic change representation, the impacted

Figure 1 shows an original Java program version which consists
of five classe®, B1, B2, CandTests . ClassTests contains four
JUnit [4] tests,Tests.testl, Tests.test2, Tests.test3,

Tests.test4  , which serve to test all the methods in clasz1,B2

andcC.
' class A {
public int i i
public void m() { i++ }
public void n) { j++ }
}
class Bl extends A { }
class B2 extends A { }
class C extends Bl { }
class Tests extends TestCase {
public void testl {
A a = new A(); am(); a.n();
Assert.assertTrue(a.i == a.j);
}
public void test2 {

A bl = new B1(); bl.m(); bl.n();
Assert.assertTrue(a.i a.j);

program parts, affected tests, and the responsible change for each

affected tests can be effectively identified.
To investigate the feasibility and effectiveness of our proposed

public void test3 {
A b2 = new B2(); b2.m(); b2.n();

technique, we have implemented Celadon, a change impact analy-

sis framework for AspectJ programs, and Flota [23], a fault local-
ization tool for AspectJ programs as an application of the change
impact technique. An experimental study of 24 versions of 8 As-
pectd benchmarks was performed and the result shows that our pro
posed technique effectively provides tool supports in impact anal-
ysis and valuable debugging support for AspectJ programs. The
main contributions of this paper are:

Proposal of a new change impact analysis technique for As-
pectJ programs, with a catalog afomic changesepresen-
tations and their inter-relationships.

Elaboration of a novel change impact analysis model for As-
pectJ programs, which can capture the semantic changes o

the programs precisely and determine the affect program parts

affected tests and their responsible changes effectively.
Representation of the debugging support for AspectJ pro-
grams as an application of the change impact model, which
can help programmers to debug AspectJ programs by nar-
rowing down the likely failure-inducing changes.
Implementation of Celadon, a change impact analysis frame-

f

Assert.assertTrue(a.i == a.j);
public void test4 {
A ¢ = new C(); c.m(); c.n();
Assert.assertTrue(a.i == a.j);
- }

Figure 1: Original version of example program with test cases

In order to show the impact of changes, we assume a sequence of
source modifications in Figures 2, 3, 4 and 5 respectively. The as-
pects in these changes are newly introduced and the editing part is
marked by underlineThe first change in Figure 2 is adding a new
aspecintroduceM2B  which introduces a methad() to override
he existing method of classBs andB2. This change can affect the
method dispatch of the original program. TiherceptAspect
aspect introduced in the same Figure 2 intercepts the calling proce-
dure of each method in clagsand increases the variables before
the method execution. In Figure 3, the aspetbduceField
declares two inter-typed fieldsuntM andcountN for classA. As-
sociated with this declaration, clagsnodifies its methodsi() and
n() toincrease the variablmuntM andcountN each time when

t

work for AspectJ programs and Flota, a fault localization tool - they are called. The third program modification showed in Figure 4
based on the proposed techniques. is to add a new methogl) to classA. Although this new method
Experimental evaluation of the proposed change impact tech- has not been called directly by any existing method, it accidentally
nique. The results show that the accuracy and cost of our ap- matches the pointcut defined in Figure 2.This situation should also
proach is a promising solution to analyze the change impacts pe taken into consideration when analyzing the change impact. The

of AspectJ programs.

The rest of this paper is organized as follows. Section 2 intro-
duces a motivating example that gives intuition about our approach.

final program change is related to pointcut modification which is a
frequent action in the development of aspect-oriented software. As
showed in Figure 5, pointcufallPoints() has been modified

Section 3 presents a category of atomic changes for aspect-relate&1nOI after this change, it can only match wiep() is called.

constructs, as well as the inter-relationships between these atomic

. . . aspect IntroduceM2B  {
changes. Section 4 presents a change impact analysis model for As-  public void ~ BL.m() {i =i+ 2 }
pectJ programs. In Section 5, we present the debugging support for public void  B2m() {i=1i+ 1 }
aspect-oriented programs as one of the applications of our model.
. . . K . aspect InterceptCall {
In Section 6, we discuss some technical issues of the implementa-  pointcut  callPoints(A a) : call( « Ax(.)&& this (a);
tion of Celadon. Section 7 describes an empirical evaluation of our before (A a):callPoints(a) { ai ++; aj ++; }

model, using the Celadon framework. Related work and conclud- ¥

ing remarks are given in Section 8 and Section 9, respectively.

2. MOTIVATING EXAMPLE After applying these changes to the original Java program in Fig-
We next present a simple example to give an informal overview ure 1, we can get a new released version. Given these two versions
of our change impact technique. of the program together with a set of test cases, we first perform a

Figure 2: The introduced aspects



aspect IntroduceField { aspect  InterceptAspect

public int A.countM = 0; pointcut callPoints(A a) : call( * Ap(.) && this (a);
public int  A.countN = 0; before (A a):callPoints(a) { ai ++ aj ++ }
class C extends Bl {
public void  m() {countM++; } Figure 5: Pointcut editing in aspectinterceptAspect
public void n() {countN++; }
} Abbreviation Atomic Change Name
Figure 3: The introduced aspect and source edit in class C ’Sﬁ gg(lje?en EEP;,%%@?RESL i
dass A { INF Introduce a New Field
public void  mQ { i+ } g:llzl gﬁlete an Introduced Field
public void  n() { j++ } ange an Introduced Field Initializer
public void  p() {j=j+2; } INM Introduce a New Method
} DIM Delete an Introduced Method
CIMB Change an Introduced Method Body
Figure 4: Source code editing in clasa AEA Add an Empty Advice
DEA Delete an Empty Advice
CAB Change an Advice Body
static analysis on the source code to first compute the set of atomic | ANP Add a New Pointcut
changes which represent the semantic differences between two ver- | CPB Change a Pointcut Body
sions. Then we determine the setpsbpagation changey which E\Eg g\)g&ete a Pointcut
. . a Hierarchy Declaration
can be used to identify the affected program fragments and the af- DHD Delete a Hierarchy Declaration
fected test cases in a coarse method level based on the dependence —aap Add an Aspect Precedence
relationship in call graph. In the third step, the responsible affecting DAP Delete an Aspect Precedence
changes for each affected test cases are identified. ASED Add a Soften Exception Declaration
Consider only the changes in Figure 3, the changes in method DSED Delete a Soften Exception Declaration
c.m() corresponds to an atomic chang® (Changed Methog AIC Advice Tnvocation Change
and the introduction of field\.countM = 0 is decomposed into
two atomic changetNF (Introduce New Fieljland CIFI (Change Table 1: A catalog of atomic changes in AspectJ

an Introduction Field Initialize). Note that atomic chang€M

is syntactically dependent dNIF because changing method body ~ Seven atomic changes in Table 1 correspond to the changes of
would lead to an invalid program unless figiccountM is intro- aspect, pointcut and advice construct8A and DA denote the
duced. In these atomic changeé®M corresponds to a node in  set of adding and deleting an empty aspect, respectively. Simi-
the call graph offests.test4  whose behavior maybe affected. larly, ANP andDPC denote the adding and deleting of a pointcut,

Therefore, we compute the affected test cas@edss.test4  and while CPB denotes the change of a the pointcut bosligA, DEA

its affecting changes iBM. and CAB capture the changes of adding, deleting and modifying
advice body, respectively. Note that adding an advice, for exam-

3. ATOMIC CHANGES ple thebefore():callPoints() in aspectinterceptAspect

) in Figure 2, is decomposed into three steps: the addition of pointcut
We next present a catalog of atomic changes for Aspect] pro- calipoints ~ (ANP atomic change), the addition of an empty ad-
grams. These atomic changes focus on the aspect-related construct§ce pefore():callPoints() (AEA atomic change), and the in-

and represent the source code modifications at a coarse-grainegertion of advice bodyGAB atomic change). Each step is mapped
model (that is, method-level). Our change impact model relies on tg exactly one atomic change.

the computation of atomic changes. We assume that the original

and the updated programs to be both syntactically correctand com- 3.1.2  Inter-Type Declaration Changes

pilable, and any source code changes can be captured by a set of gy atomic changes in Table 1 represent the changes caused by

atomic changeshat is amenable to analysis. Since AspectJ is a jnter-type declaration mechanism in AspedNE, DIF andCIFI

seamless extension to Java, the atomic changes identified for Javgenote the set of adding, deleting and changing of an inter-type

in [16] should also be used to model the change impact of Aspect fie|d. INM , DIM andCIMB capture changes of introducing a new

programs. method, deleting and changing an existing method, respectively.
. For example, the introduction of fielslcountM in Figure 3 is de-

3.1 Atomic Changes for AspectJ composeginto two steps: introducing a new field gnd changing the

Table 1 shows a category of atomic changes for Aspect] pro- jntroduced field initializer, which correspond to atomic chate
grams we defined. Most of these changes are self-explanatory ex-andCIFI , respectively.

cept forAIC, which will be explained later in detail. We ignore
several types of source code changes that have no direct semantic3.1.3  Hierarchy and Aspect Precedence Changes

impact on the program behavior. These include changes to access changes to the class hierarchy or the aspect weaving precedence
right of aspects, pointcuts, inter-type declarations, and the addi- 5150 have significant effects on the program behavior. We use two
tion or deletion of adeclare error statement which only affects  atomic change®AHD and DHD to denote the action of adding
compile-time behavior. and deleting a hierarchy declaration in AspectJ. Other two atomic
changeAAP andDAP are used to capture the aspect precedence
changes. For simplicity, in our approach, any changes to the hier-
1We definepropagation changéo be the change that will alter the behavior of other arChy declaratloln (SL!Ch asllttjeclare ?arents.tatement) or E.tSpelCt.

part of program. Changes likiefine an unused variabig not considered to bgrop- precec_ie_nce dec arat_|0n will be U’_ans ormed into two steps: deleting
agation change the existing declaration and adding a new one.

3.1.1 Aspect, Pointcut, and Advice Changes




3.1.4 Soften Exception Changes discussed in [15]. Here we just focus on the aspect-related con-
AspectJ provides a special mechanism to specify that a particular Structs.
kind of exception, if thrown at a join point, should bypass Java's Adding / Deleting AspectJ Constructs. In our definition, all the
usual static exception checking system and instead be thrown asadding atomic changesA, INF, INM, AEA andANP) and delet-
anorg.aspectj.lang.SoftException . We define two atomic  ing atomic changesDA, DIF, DIM, DEA and DPC) represent
change/ASED andDSED!o capture the adding and deleting soften  adding or deleting an empty AspectJ construct. A new construct
exception declarations. Any change to the soften exception decla-must be declared before using or making changes to its body, and
ration statement is decomposed into two steps: deleting the originalsimilarly the construct body must be cleared before deleting the

declaration and adding a new one. construct itself. Take the changes in Figure 2 for example, the new
. . added adviceefore():callPoints() must be declared first be-
3.1.5 Advice Invocation Changes fore making changes in its body block, and the pointcut definition
Changes to the base or aspect code may cause lost or additionalised in advicebefore():callPoints() must be added before

matches of join points, which may result in accidental advice invo- declaring the advice, and all above changes must be applied af-
cations. Therefore, we define the atomic chaAt@ to represent  ter the addition of the empty aspeoterceptAspect ~ construct.

the advice invocation change. TAEC change reflects the seman-  The syntactic dependencies between atomic changes involved in
tic differences between an original versidmand an edited program  Figure 2 can be represented as:

ver_sior_l P'_ in the form of a _set _of tuples: joinpoint, B}d}lice>_’ AEA (before:callPoints() ) < CAB (before:callPoints() )
which indicates th{;\t the a(_jwce_ln_vokln_g at the ab_ove_Jom point has ANP(callPoints ) < AEA (before():callPoints() )

been change(_j. Since ne_lther join point nor advice is nam_ed CON- AA (InterceptAspect ) < ANP(callPoints )

struct, we assign name signatures to them to solve this engineering

issue in implementation. The formal definition AfC is showed Similarly, the dependencies in deleting changes can be represented
as follows: in a reverse ordering.
AIC ={<j,a> | <j,a> € (I x A-Ix AU x A-J' x A))} Changing AspectJ Constructs. In our model, only changes to

. ) . . . the advice body, pointcut body, inter-type method body and inter-
whereJ andA are the sets of join points _ar_ld adylces in the _orlglrjal type field initializer have corresponding atomic changes CAB,
program, and)’ and A" are the sets of join point and advices in  cpg CIMB and CIFI). Other changes to the aspect constructs,
the _modlfled programJ x_Adenotes the matched join points and g ,ch agype changing of an inter-type fietst renaming an inter-
advice tuple set |n.the original program Whﬂéx. A’ denotes the type methogis decomposed into a delete changéR, DIM ), an
matched tuple set in the updated program version. add changellNF, INM ), and a corresponding modification change

Apart from the changes in aspect code, changes in base code Ca'@CIFI ,CIMB or CAB). In short, changing AspectJ constructs must

be represented by the atomic changes for Java. We list the atomici|igw the rule, that is, the constructs must be declared first before
changes defined for Java [16] in Table 2 to assist our analysis. making any changes.

Class Hierarchy and Aspect Precedence Change£hanges to

Abbreviation Atomic Change Name . S
AF Add afield the class hierarchy or aspect precedence declaration is related to
DF Delete a Field the class or aspect definition it used. An aspect must be defined be-
AM Add an Empty Method fore it is used in any aspect precedence statement, but deleting any
DM Delete an Empty Method aspect precedence does not need any prerequisites. For example,
CM Change Body of Method assume that we add an aspect precedence declaration:
'S% gg(lje?en;mEpr;y %/I%SIZSS declare precedence IntroduceM2B:InterceptAspect
e Change \ﬂrtuaﬁ Method LOoKUp Zzzan extra change in Figure 2, the dependence can be represented

Table 2: Atomic changes in base code AA (IntroduceM2B  )<AAP (IntroduceM2B, InterceptAspect )

AA (InterceptAspect  )<AAP (IntroduceM2B,InterceptAspect )

3.2 Inter-relationships between Atomic Changes The dependencies in class hierarchy changes can also be handled

There are some inter-relationshios between atomic chanaes thaf.n the same manner: the class or interface used in the declaration
P 9 must be declared first.

induce a partial orderings on a set of them, with transitive clo-
sure<* . That is, C1<* C2 denotes that C1 is a prerequisite for Soften Exception ChangesChanges to the soften exception dec-
C22. This partial ordering indicates that when applying one atomic laration is related to the pointcut definition it used. The constructs
change to the program, all its dependent changes should also be api pointcut must be first defined before used in any soften excep-
plied in order to obtain a syntactically valid version. The benefit of tion changes. For example, assume that we add a soften exception
defining such a partial ordering is that one can construct a semanticdeclaration:

correctness intermediate version for the future analysis. We define declare soft : Exception: execution  (A.p());

two types of dependencies as follows. as an extra change in Figure 5, the dependence can be represented
as:

3.2.1 Syntactic Dependence AM (A.p() ) < ASED(Exception: execution (A.p()) )

Generally, syntactic dependence captures all prerequisite changes
for one atomic change in order to form a valid version. Bha- .
g b 3.2.2 Interaction Dependence

tactic dependencidsetween atomic changes of base code has been
The dependencies we discussed so far are all syntactic depen-

%To keep consistence, we use the same notions for the partial order definition as useuqen‘_:ies_ in the aspect C_Od_e1 Wh_ile theraetion_ dependenc_is the
in [16] implicit inter-relationship involving both atomic changes in the as-




pect code and base code. G

Inter-type Declaration Changes. As the syntactic dependence A

shows, the inter-type should be declared before any change to it. Q“Q E)

Take the changes in Figure 3 as an example, the figlountm G

must be first introduced by aspeatroduceField  before it is (H) (G)

used in methodt.m() . Similarly, an introduced method can only

be deleted when it is no longer referenced in base code. Hence, Figure 6: A sample call graph with ANS(D,H)={A,B,C,D,H}
for the changes in Figure 3, we have the following dependencies

related to the inter-type declaration change:

AM (C.m() ) < CM(C.m() ) 4.1 The Affected Base Code

INF (A.countM ) < CM(C.m() ) Either changes in base code or aspect code can affect the be-
havior of AspectJ programs. For those changes, the affected base

Overloading Methods. When the inter-type method from aspect
codeAffectedBaseldue to changes of base code can be computed

code overrides the existing one in the base code, it will change the - - :
method dispatch and causelz® atomic change. ThisC depends by the formalism de_flned in [16].The affected parts of base code
on the inter-type declaration changes in the aspect code. Conside2used by changes in aspect code are:

the change in Figure 2, aspéatoduceM2B  introduces a method  AffectedBase2= ANS { AffectedBaseNodeg

m() for classB1. For this change, an object of tygavill no longer AffectedBaseNodes { m| m € Nodes(P’)A <m, a> € AIC }
resolve toA.m() . This method dispatch change can be represented
by LC. So the dependence betwde@ change and the inter-type
declaration can be represented as: AffectedBaseParts= AffectedBaselU AffectedBase2

INM (B1.m() ) < LC

Thus, the total affected base code metiAdigctedBaseis:

Abstract Aspects and Pointcuts. An abstract pointcut must be 4.2 The Affected Aspect Code

implemented in all the sub-aspects of an abstract aspect. Therefore, Changes in both base code or aspect code would also affect the
the declaration of an abstract pointcut must be deleted before thebehavior of an AspectJ program. In the AspectJ call graph, we treat
deletion of its implementation in the sub-aspect. This dependencethe advice as a method-like unit represented by a node in the graph.
relationship captures the way a new abstract pointcut is declaredBY performing static analysis on the call graph, the affected parts

or deleted. Assume that prograprdefines an abstract aspeot of aspect code can be represented as:

with a sub-aspecAwhich extends\A, we add an abstract pointcut  affectedAspectParts= ANS { AffectedAspectNodest

declaration opcA into AA, andSA provides the implementation of  AffectedAspectNodes= { n| ne INM UDIM U CIMB U AEA
pcA. Here, we have the dependence between atomic changes: UCAB UDEA } U {m|<m a>€AIC }

ANP(AS.pcA() ) < ANP(AA.pcA() )
Advice Invocation Changes.In AspectJ program, either changes 4.3 Solving Interactions between Base and As-
like renaming class membeis base code or changes likelding pect Code

new advicein aspect code will cause the advice invocation be-  |nan AspectJ program, an aspect can interact with a base class by
havior change. The advice invocation changes depend on the refour ways, that is through which the change impact occurs: (1) cre-
lated source modifications. Consider the changes in Flgurg 4, theaﬂng an object of the class from the aspect, (2) there is a call from

new added method.p() matches the pointcutallPoints in a method or an advice in the aspect to a method of the class, (3)
aspecinterceptAspect . The correspondingIC is represented  declaring a public introduction in the aspect to add a field, method
asAIC = {<Ap() , before():callPoints() >} in our model, or constructor to the class, and (4) weaving the code declared in ad-
and the dependence relationship can be represenfed €8.p() ) vice of the aspect to the class code at join points. The first and the
< AIC. Similarly, the changes in Figure 5 can be represented by second ways are similar to class interactions in an object-oriented
CPB(callPoints() ) andAIC = {<before():callPoints, programs, which can be easily captured. In our model, change im-
A.m() >, <before():callPoints, A.n() >} pacts caused by the third way can be represented by atomic changes

INF, DIF, CIFI,INM ,DIM, CIMB andLC. The changes impacts
caused by the fourth way can be reflected by atomic chaf\g§és
4. CHANGE IMPACT ANALYSIS MODEL DEA, CAB, ANP, DPC, CPB andAIC.

We next present a change impact analysis model for Aspectd pro- Therefore, changes caused by interactions between the base and
grams. First, we construct the static call graph [14] for Aspect] aspect code can also be captured by the atomic changes, and all the
program to determine all affected parts by traversing it from the affected parts in an AspectJ program can be represented as:
modified node. LeP be an Aspect) program ambdes(P)and AllAffectedNodes= AffectedBasePartsJ AffectedAspectParts
Edges(P)e the node and edge sets in the call grapR.afe also o P
assume there is a set of te§ts= ¢4, ..., t,, associated with the .
original progranP. Each test drivet; exercises a subssiodegP, 4.4 Affected Tests and Affecting Changes

t;) of P's method. LikewiseNode¢P”, t;) from the call graph for The affected test cases are the subset of existing test cases whose

t; on the edited progranf?’. behavior may be affected by the changes. We define the affected
To assist our analysis, we define #hifected Node Set ANS& testsAffectedTestsas follows:

all potential affected nodes in the call graph, wh8iis the modi-
fied node setANS(SYyepresents all nodes reachable from any node AffectedTests= ,

s € S, that is transitive closure @in the graph. For example, in { i [ t: € T, AllAffectedNodesn Nodes(P" ) 0 }

Figure 6, ANSD,H)={A,B,C,D,H}. For an affected tegt, we define their corresponding affecting atomic



changes as below. Hefeis the set of all atomic changes. the failure, and narrow down smaller set of changes until they lo-
cate the exactly failure reasons. In our Flota tool implementation,

AffectingChanges= ) ' .
{ ¢ | ¢ € Nodes(P',tn AllAffectedNodesN A, ¢ <* ¢} programmers can also rollback the current intermediate version to
‘ T restore the original one, and begin exploration again.
4.5 Change Impact Analysis: An Example We use the sample program in Figure 2 as an example to show

the debugging support of our model. Associated with the original
program in Figure 2 are four JUnit tests. These tests pass in the
original program. However, after a sequence of source code modi-
fication in Figure 2, 3, 4 and 5,the test methiedts.test2  fails.

With respect to our original example in Figure 1 as well as the
sequence of changes in Figures 2, 3, 4 and 5. The first change de
scribed in Figure 2 corresponds to the following atomic changes:
= AA(IntroduceM2B ), c2 = INM (B1.m), cs =INM (B2.m), cs =

CIMB (BL.m), ¢s = CIMB (B2.m), ¢s = AA (InterceptAspect ), As showed in Sec.tion‘4.5, .there are 4 affecting changes,, cu

¢r = ANP(callPoints ), cs = AEA (before:callPoints ), co andces.The q_uestlon isWhich of those 4 changes are contributed
= CAB(before:callPoints ), cio =LC(B1.m), ¢11 =LC(B2.m) for the test failure? ) .

3 1o = AIC(<AM() , before():callPoints() >, <ANQ _ In our approach, a programmer may first guess that the advice
before():callPoints() >). And we haver: < cs < ca, ¢1 < invocation change caused by aspetérceptAspect may be

responsible for the failure. Then he selegtsand apply that to the
original program. Then we automatically applies other necessary
atomic changes; andcz which c12 depends on to form a valid
intermediate program versidn shown in Figure 7.

c3 < ¢s5, 6 < c7 < €8 < Cg, C2 < C10, €3 < €11, aNdcs < c12. FOr
those changes, the affected methodscarg) , B1.m() , B2.m() ,
A.m() andA.n() ,the affected tests atestl ,test2 ,test3 and

test4 .
The second editin Figure 3 corresponds to the following changes: aspect  Interceptaspect
c13 = AA(IntroduceField ), c14 = INF(A.countM ), c15 = INF pointcut  callPoints(A a): call (* A.+(.)&& this (a);
(A.countN ), c16 = CIFI (A.countM ), c17 = CIFI (A.countN ), ) before (A a) callPoints(a) { ab+ aj }
Ccig = CM(Cm() ), Cig9 = CM(CH() ), Co0 = LC(Cm() ), Co1 =
LC(C.n() ). Here, we haveeis < c14 < ci6, €13 < €15 < €17, C14 Figure 7: Intermediate version V; after applying changec:»
< c18, C15 < C19, C18 < €20, andclg < c21. The affected methods
areC.m() andcC.n() , and the affected test methodiést4 . Now, the programmer can executests.test2 againstl; to
The third change in Figure 4 corresponds to the following changescheck whether it is passed or not. The programmer may find that
c22 = AM(C.p() ) andcqs = AIC (< before():callPoints, it succeeds and then guess that (Change Pointcut Bogymay
A.p() >)and we have the relationship;2 < c23. In this change, be the culprit of that failure, so he select and apgly to the in-
no existing tests are affected and it may indicate that additional testtermediate versiofv;. Similarly, in our approach, we automati-
cases should be written. cally applied the dependent changes and c; and get another
The last change in Figure 5 corresponds to the following atomic valid intermediate version, shown in Figure 8 (here, we suppose
changestzs = CPB(callPoints() ), c25 = AIC (<before(): programmer build the valid version upon the existing intermediate
callPoints() ,A.m()>,<before:callPoints(),A.n() >)and version.).

we have the relationshipz < ca4 < c25. In this change, the af-

fected test method arestl ,test2 andtest3 aspect  Interceptispect

pointcut callPoints(A a): call (» Ap(.)&& this (a);
before(A a) callPoints(a) { ai ++; aj ++; }
5. DEBUGGING SUPPORT FOR ASPECTJ 4
PROGRAMS Figure 8: Intermediate version V4 after applying changecss

In this section, we discuss the debugging support provided by
our analysis approach as one of its applications. During software
development process, the regression testing failure may indicate

some potential defects in the current software version. At that time, h ible ch d th v th
programmers are often burden with the heavy tasks of searchingtO guess the responsible change ma;abe_m then apply that to
the original version. After applying atomic changeand its de-

through sources for those failure-inducing changes. Because the d h des. the i di 0¥, 100ks lik
subset of editing which may affect a regression test can be only apeg_ ent CgarEf@l an C?‘t € mte_rme iate versior; looks like as
small portion of the total source changes, it would be tedious for N m19ure . ter teSt'ng.V?’ againstrests.test2  , programmer
programmesrs to check each editing. Moreover, as we discussed incan findTests.test2 fails again and the exact failure reason is

Section 1, changes in AspectJ programs may involve much more ¢4

Again, the programmer execut&éssts.test2 againstl; and
find it passed. Now, he can ignore these applied changes and roll-
back to the original program version. The programmer continued

complex impact than the traditional programming languages. The aspect IntroduceM2B  {
failure-inducing changes may work together in a non-trivial manner public void ~ Blm() {i=1i+2 }
and makes it extremely difficult to locate the exact reason of failure. }

If regression tests fail, we start to debug AspectJ program by first - £igyre 9: Intermediate version V; after applying changecas

computing the atomic changes and their inter-dependence relation-

ships between two versions, then identify the affecting changes re- Through a toy example, the debugging support provided by our
sponsible for that test failure. Programmers may (repeatedIy)selectchange impact analysis model can be useful to real world software
the suspected changes, and we construct valid intermediate Provdiscussed in Section 7.7 and [23]), especially when there are hun-
gram versions containing only the suspected changes and their pregreds or thousands of changes. In our approach, the syntactic de-
requisites. Each of these intermediate versions can then be testeghendence between each atomic change is calculated automatically
again using the failed regression test. According to the testing re- and programmers only need to focus on the valid, interesting inter-
sult, programmers can ignore certain changes that do not result inmegiate program versions and identify the failure-inducing changes

3For simplicity, LC(B1.m()) is the method dispatch change caused by the introduction by automr:_:lting the iterative process Of selecting suspected changes
of B1.m() , and the same is LC(B2.m()). and applying them to the original version.




6. IMPLEMENTATION ISSUES To investigate the effectiveness and efficiency of our proposed
We next discuss some technical issues in the implementation of téchnique, we have implemented Celadon: a change impact anal-
Celadon framework. We choose the most widely used and sup- YSiS framework for AspectJ programs. Celadon is designed as an
portedajc Aspect) compiler [3] as the foundation of our imple- Eclipse plugin. We have applied Celadon to perform change impact
mentation. The main technical issues involved in Celadon imple- analysis on 24 versions of 8 AspectJ benchmarks collected from a
mentation are: (1) How can atomic changes be computed? and (2)variety of sources (Section 7.2). Our experimental results suggest
How to construct AspectJ call graph to determine affected program that semantic differences between two program versions can be pre-

parts? cisely captured by the atomic change representation (Section 7.4.1)
and the impacted program parts as well as affected tests (Section
6.1 Computing Atomic Changes 7.4.2, 7.4.3) can be determined with practical accuracy. The in-

formation provided by Celadon would be helpful for programmers
to locate faults in AspectJ programs (Section 7.7). We will also
discuss some issues of the experiment in Section 7.5 and 7.6.

Our change impact model relies on the computation of atomic
changes and their inter-dependence relationship. The AspectJ De
velopment Tools (AJDT) [2] provides plenty of APIs for access-
ing and manipulating the abstract syntax trees (AST) of AspectJ 71 Objectives
program. The ASTs contain sufficient source information of As- . . . . . .
pect] constructs and therefore ease the effort of pinpointing the lo- Ve investigate the following questions in the experiment:
cations of all these affecting changes. When comparing two pro- e Canatomic changeepresentation capture the semantic dif-

gram versions, we used a dynamic programming algorithm [21] to ferences between two program versions accurately?
calculate the differences between two ASTs and then generate the o Can impacted program parts, affected tests and their respon-
corresponding atomic change set. Speaking in detail, inspired by sible affecting changes be determined effectively by our tool?

the classic longest common subsequence (LCS) [19] problem, we
first compute the common node pairs between ASTs, then remove
those common parts from both versions temporarily. Therefore, 7 2 Subject Programs
the remaining nodes is either new added or deleted during changes.

For the removed common node pairs, we continued to compute the [Programs] #Loc | #Vef #Md #Shad #Test§ %md %ast

e What is the cost of the change impact analysis?

common node pairs in their sub-AST nodes and do the same al- Quicksort| 111 [ 3 T8 1 15 >7 10O | 100
gorithm recursively. For théIC change, we get the join point Figure 47 14 12315 20 100 | 100
matching information when thajc weaver composes the aspects Bean 199 3 12 | 8 15 100 | 100
and base code and then calculate the changes. Tracing | 1059 | 4 44132 15 100 | 100
NullCheck 2991 | 4 196| 146 | 128 | 96.9| 85.8

6.2 Determining Affected Parts Cod 3075 [ 2 | 220] 1103 [ 157 | 90.0] 634
We have built call graph in [14] to assist change impact analysis Dem 342312 2491 259 | 157 1 94.3[ 785
Spacewar] 3053 | 2 2881 369 | 132 | 88.5] 74.0

for AspectJ programs. In our implementation, we use the RTA al-
gorithm [7] to cpnstruct caII.graph of the base.code. For t.he aspect Table 3: Subject Programs

code, we consider the advice as a method-like node with match-

ing relationship represented by an edge from the join point. The We use eight Aspect] benchmarks shown in Table 3 for the ex-
complete call graph of AspectJ program is formed after the call perimental study. The first three and the spacewar example are
graph of aspect code éonnectednto the base code call graph us-  included in the Aspectd compiler example package. The remain-
ing the join point matching information. We treat the anonymous ing programs were obtained from the abc benchmark package [1].
pointcut as a part of advice declaration, thus any changes to theThis group of benchmarks have also been widely used by other
anonymous pointcut will result in the definition change of asso- researchers to evaluate their work on test generation [20], perfor-
ciated advice. For the static initialization code block, we treat it Mance measurement [9] and regression tests selection [10]. For
as a special node in the call graph to model the related changes&ach program, we made the first versiana pure Java program
Therefore, by traversing the call graph from the changed node, we by removing all aspectual constructs. For some program versions,
can easily get all the affected method nodes. However, the dynamicWe made additional modifications to produce more general changes
pointcuts in AspectJ |anguage poses a b|g Cha”enge to precise|y re_rather than Only Changes within bodies of methods or advices. We
flect the affected parts in static call graph analysis. As in AspectJ, also developed a test suite for each subject program.

the weaving process is quite complex for those dynamic pointcuts ~ Table 3 shows the number of lines of code in the original pro-
like cflow, if andtarget Since a dynamic pointcut that statically ~gram (#Loc), the number of versions (#Ver), the number of meth-
matches a shadow could potentially not match that shadow at run©ds (#Me), the number of shadows (#Shad), the size of the test
time, it is quite difficult to accurately compute the impact of chang- Suite (#Tests), the percentage of methods covered by the test suite
ing dynamic pointcuts. In our approach, when constructing the call (¥omc), and the percentage of advice shadows covered by the test
graph for an AspectJ program, we conservatively assume that forsuite (%asc).Advice shadow coverage defined as follows. An

all dynamic pointcuts‘ whether they match a shadow or not has to Advice shadow interactiomccurs if a test executes an advice whose
be determined at run time. Under this assumption, advices that arepointcut statically matches a shadow. Travice shadow coverage
associated with dynamic pointcuts are connected to the correspondis the ratio betweeAdvice shadow interactienand the number of

ing call nodes, which means that changes in this dynamic advice shadows in program.

will affect its calling method. Through this way, though approx 73  Procedures

imately, we can safely calculate the affected methods concerning
changes in a dynamic advice. To assess how our approach helps change impact analysis, we

take each pair of successive versions of Aspectd benchmark(i.e.,
v1 andws, v2 andwvs, etc) and its corresponding tests as the input

7. EMPIRICAL EVALUATION of our tool. The tests are used in both versions. For each input,



change impact analysis is performed automatically by Celadon in W m———
the following steps:

First, it analyzes the source code of both program versions stati-
cally and decomposed the differences into a set of atomic changes
together with their inter-dependence relationships.

Secondjt generate call graphs for the benchmark program and
tests.

Finally, change impact analysis is performed based on the output
of the First and Secondsteps. The result is reported in terms of
affected tests whose runtime behavior may have been altered by
the applied changes. For each affected test, Celadon identifies ¢
set of affecting changes that were responsible for the affected test
case. For the updated program version, Celadon also determines
the impacted program nodes in the call graph automatically.

L= LA - TN - - I - |
o e dy

7.4 Results Figure 10: Number of atomic changes between each version

The experiments with Celadon were performed on 24 versions Pair of Quicksort benchmark
of 8 AspectJ benchmarks. Figure 10 to 17 shows the number of
atomic changes between version pairs of each benchmark. The
atomic changes between each version pairs are classified by the

M Figure¥2 M FigureVs Figure V4

category, and the number varies greatly between 1 and 676. Sec{ 30 28
tion 7.4.1 explains more details about the result of atomic changes
in our experiments. Table 4 summarizes the affected tests and af- *° 1
fecting changes for each version of those benchmarks, and Table £ ,, s
shows the affected method nodes in call graph of the analyzed pro- 13 .
grams. Note that not all atomic changes occur in each benchmark.| 15 :
In Table 4 and 5, each AspectJ program version is labeled with I
its number - eg. Q2 corresponds to versierof Quicksort, N4 is L - ' p
versionu, of Nullcheck, etc. 5 1
11,
7.4.1 Atomic Changes 0 ---—LUj E-E---i{ w uﬂ -D_DJ-U_DiD_ :'10 it
Quicksort: Figure 10 shows the number of atomic changes be- AC AF AACAEA AF AIC AM ANPCAB CM CPB DA DEA DF DM DPC FI LC

tween each pair of versions in the Quicksort benchmark. The height
of each bar indicates the number of corresponding kind of atomic
changes. There are totally 10 atomic change categories derivedFigure 11: Number of atomic changes between each version
from the differences between each version pair. As seen in the di- Pair of Figure benchmark

agram, the most frequent changes in QuicksortAl@ (Advice

Invocation Changeand CAB (Change Advice Bodyeach has 8

changes between versiop andvs. The second frequent change is Bean: Figure 12 shows the number of atomic changes between
CPB (Change Pointcut Body which account for 7 between and each version pair of the Bean benchmark. Between the successive
vs. Two atomic changes in Figure 10 does not occur between ver- versions, there are 18 categories of different changes in which 13
sionv; andvz(thewvs bar), namehDEA (Delete Empty Advigeand belongs to the aspect construct changes defined in Table 1. Be-
DPC (Delete Pointcut, because; is a pure Java program which  sides theCM change, version, declares 5 inter-type methods (eg.
does not have any aspect constructs. Between vetsi@mdvs, methodPoint.addPropertyChangeListener , Point.hasLi-

there is noAA (Add Aspedtchange, because versien and vs steners , etc) into the original version, , which correspond to the

both has the same asp&tats . However, version, andvs have 5INM (Introduced New Methgdogether with SCINM (Change
different pointcut and advice to implement the crosscutting con- Introduced Method Bodychanges as shown in the bar. Version
cerns in Quicksort. Thus it causes a number of related changes likev, added declaratiodeclare parents:Point implements
AEA (Add Empty Advice DEA (Delete Empty AdvigeANP (Add Serializable in thePointBound aspect. Therefore, there is cor-
New Pointcul, etc. respondingAHD (Add Hierarchy Declaratiopchanges irv, bar
Figure: Figure 11 shows the number of atomic changes between to capture this change. The differences betwesandwvs mainly
each version pair of the Figure benchmark. From the diagram, we comes from the different implementation of pointcut and advice in
can see most of the changes are in low number except for com-theBoundPoint aspect, and these changes are reflectedA3
mon Java changes likeM, AM and DM. Versionv, added an 2 AEA and 3CAB changes.

aspectDisplayUpdating which contains a pointcuhove() to- Tracing: The result of Tracing benchmark is shown in Figure 13.
gether with an advicefter returning: move() Therefore, There are total 15 categories of atomic changes among 3 version
the vy bar represent these changes by éwe (Add Aspedt one pairs, in which 8 are aspect-related changes. The most frequent

ANP (Add New Pointcyt one CPB (Change Pointcut Bodyone changes of aspect featureNEC (Advice Invocation Changewhile
AEA (Add Empty Adviceone CAB (Change Advice Bogyand the overall most frequent change is tG&1. Between version;
oneAIC (Advice Invocation Change Changes between version and v2, adding empty advicécaptured by 4AEA change) and
v2 andvs and changes between andwv, are mainly Java con- adding empty metho¢captured by 8AM change) result in four
struct changes. The aspect related atomic changes are mainly dué&lC changes, which indicate the addition of advice, join point
to the editing likeaddingor deletingpointcut designator. matching pairs. The changes between versigprand vs (repre-
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Figure 12: Number of atomic changes between version pair of Figure 14: Number of atomic changes between each version
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Figure 13: Number of atomic changes between each version Figure 15: Number of atomic changes between each version
pair of Tracing benchmark pair of LoD benchmark

sented by baws) contains 4DEA (Delete Empty Advigeand 4
AEA (Add Empty Advicechanges, which represents the fact that
vs uses different advices to implement the crosscutting conterns

from the ajbenchmark [1] suite, and the atomic changes between

versionv; andwvs is shown in Figure 15. The number of changes

) . . varies greatly between 2 to 676 between these two versions. The
_NuI_ICheck_. Though Nul!check ISa n?oderate_-s_lzed AspectJ apP- reason why there are surprisingly so many atomic changes is that

pllcatlon, which has 1059 Ilnes_of codein the 0r|g|r_1al version, there versionv, anduv, have fundamentally different package organiza-

is not many changes between its successive versions. However, th‘?ion of source code. Version, has two top level packagegeka

CM change is surprisingly higher than others betweernd v, andlawOfDemeter under thesrc directory. However, Version;

(represented by bar), which indicates there is an intensive editing removed theveka package and added two. new packéjgias and

.Of changing Fhe eX|_st|ng method bodl;/_n'ere are also few changes certrevsim . Therefore, the source code changes under package

in other version pairs. The source editing of aspect-related featureweka jsim andcertrevsim _ are all regarded as differences be-

IS mﬁunly in pr?cka(\jgd_ab.a(sjpeclzts.chlngstandard§ o Version tween versiorv; andv,. Changes under these three packages is
vs changes the advice declaratiafter() returning(Object captured by 2C, 113AF, 118AM , 676CM, 98DM and the cor-
IRetval)  toObject around(): = methodsThatReturnObje- responding deleting atomic changes. The addition of three aspect
cts() , which is captured by DEA,2 CAB and 1AEA change.

Interestingly, there is few changes reported by Celadon between.CheCk’ Percflow ,andPertarget ~under packaglawOfD_emeter
versi n’d The onlv two atomic chan reported in version is capturt_ad by A (Add Aspedt 4 ANP (Add New Pomtc_:t)tto-

ers OLWSE;] va- feo_ y two atomic changes repor’e ersio gether with theCPB change and @&EA (Add Empty Adviceto-
g‘; Iixt:tEenfCorca:g:di(rJ\ gg:;‘;lrlgsthOdswr?rsﬁt;fn;blij:se()b &:P'g gether with the correspondir@AB (Change Advice Bodghanges.
(CEange Pointcut Ig;odychange ,This changepof poir?f[cut body Dcm: Decm is the largest benchmark among the subjective pro-

: grams. Its experiment result is shown in Figure 16. Unlike the in-

fr?:rséisr;h%rfglsgn&g\?i\é 'g?nyoaéggﬁﬁ gslz n]gelg fg'gt;e:‘?g rte“_afore’tensive source editing in LoD, there are not many changes between
' P version pairs of Dcm. Version, added a new packa@emo the

flefggsTsheer?gr;trlg gflersxcgiérsions of LoD benchmark available source directory, in which are mainly Java code changes. Four new
: y added aspec®intcuts , ClassRelationship ,AllocFree  and
4Actually after inspecting the source differences, we found versipmoves (first Metrics ~ I paCkageDCMDCM.handIeGC andbCM.handleMetrics

delete then add) the original advice in aspeeiceMyClasses to a new abstract as well as their members change are captured AA4 8 AEA ,
aspecfTrace to implement the crosscutting concerns 1 AHD, 8 AIC, 3 ANP, 8 CAB, 1 CIMB, 1INM, and 3CPB




Celadon also reported 100% tests affected. Becdysefactors
the TraceMyClasses aspect inl» into an abstract aspetTtace
and a concrete aspettaceMyClasses , while Ty add an argu-

12 ment (Object obyj) in each pointcut declaration of versian
6 which leads to potential behavior changes of each method execu-
8 tion. Those changes in Tracing benchmark indicate that in AspectJ
8 programs, even small changes (suchAalsling New Pointcubr
& Change Pointcut Bogywould dramatically change the program
1 -
b _I_ e

B Dcm V2

14 15

i structure and affected program behavior significantly. Therefore,

: - in principle, a change impact analysis tool could inform the user
27 that all tests should be rerun to validate the changes when an obser-
I vation of this kind is found.

AA AC AEA AF AHD AIC AM ANP CAB CIMB CM CPB The number ofAffecting Changes Percentagelumn indicates
the total responsible changes of all affected tests. For some ver-
sions, the affecting atomic changes percentage reported by Celadon
Figure 16: Number of atomic changes between each version s reduced to 16.9%,), 36.5%((%) and 47.8%{3). This means

pair of Dem benchmark that our approach has the potential application of isolating the re-
sponsible changes if regression tests fails.

M Spacewar W2
s [ Versiorj Total Number | % at [ % ac |
Q2 24 100% 66.6%
20 18 Q3 38 100% 71.2%
16 F2 22 60% 54.5%
15 F3 80 80% 57.5%
F4 59 30% 16.9%
e B2 35 80.0% 85.7%
s a - B3 11 40.0% 100%
1 z T2 41 100% 36.5%
ol - m B HEEm Em T3 69 100% A78%
A AC AEA AF AlC Al AMNP T4 37 10000 729%
N2 35 78.1% 88.5%
N3 7 78.1% 85.7%
Figure 17: Number of atomic changes between each version N4 2 50.7% 100%
pair of Spacewar benchmark L2 1979 100% 75.4%
D2 85 86.2% 67.1%
S2 74 30.3% 85.13%

changes.
Spacewar: The result of Spacewar benchmark was shown in Table 4: Total atomic change number (Total Number), percent-

Figure 17. Among the 11 atomic change categories, six was aspect-2ge of affected tests (% at) and percentage of affecting atomic
related changes defined in Table 1. Besides common Java atomicchanges (% ac)

change<CM andAM, the most frequent changes is tAEC (Ad- .

vice Invocation Change TheseAIC changes may indicate that  /-4.3 Affected Nodes in Call Graph

the new added aspect may significantly affect the runtime behav- As shown in Table 5, the percentage of affected nodes (%Af-
ior of the original program. For example, the new added aspect fected Nodes) in call graph ranges from 10.6% to 95.6%. The data

RegistrationProtection in the Registry.java file, which shown in rowQ2, N> and N3 indicates that botladding aspect
intercept the calling to methaRkgistry.regiser(SpaceObject) featuresinto the original object-oriented systems aréinging the
andRegistry.unregiser(SpaceObject) ,isused to check the  existing aspect featuregould widely affect the whole programs. In
designed invariant during the runtime. row N> and N3, nearly all of the nodes in call graph are affected,
. becauseV, adds a pointcutethodsThatReturnObjects():
7.4.2 Affected Tests and Affecting Changes execution(Object+ «.%(.)) to cross cut base Java methods
Table 4 shows the affected tests and their affecting changes forandNs; changes the advice declaratifter() returning(Obj-
each benchmark version pair. The number in each column rep-ect IRetval): methodsThatReturnObjects() which are al-

resents the number of total atomic changes (Total Number), per-ways executed at runtime. Celadon reports such potentially af-
centage of affected tests (% at) and percentage of atomic changesected methods during the change impact analysis, and this infor-
(% ac)that should be responsible for affected tests. On average mation informs developers sufficient tests should be developed to
74.2% of the tests are affected and 69.2% of the atomic changescover all these impacted methods.

are responsible in each version pair. Interestingly, there were sev- .-

eral version pairs over which all tests were affected. For example, 7.5 Threads to Va“d'ty

all tests were affected between versignandv. (see the rowl, Like any empirical evaluation, this study also has limitations
in Table 4), despite the fact that there were only 41 atomic changeswhich must be considered. Although we applied Celadon on 24
during this time. The reason is that versiBndefines two pointcuts versions of 8 AspectJ benchmarks, we expect that Celadon can be

myConstructor():myClass() && execution(new(..)) and applied to a wide range of AspectJ programs. In our experience, we
myMethod():myClass() && execution( * % (L) in aspect performed change impact analysis to only subject programs listed
TraceMyClasses , which crosscut all constructors and methods in Table 3. Though these subject programs are well know exam-
that are always executed at run time. In the rowlgfand T4, ples and the last three ones are among the largest programs that we

10



Versiorj Nodes Num [ Affected Nodes

% Affected Nodes | ing debugging, programmers may suspect one chaDgs(DCM.

Q2 22 12 54520 handleMetrics.Metrics.after()) may be responsible for the

(Fg; %g é?’ iggoz failure, and he apply it to the original version. Flota automatically
3 3> 17 53:1% constructs a valid intermediate version which contains only the ap-
=7 77 57 30.4% plied change and its prerequisites (reduced to 12 changes which
B2 73 o7 32.8% account for 14.2% of the total number). Then programmer can test
B3 15 14 31.1% this program version again to see passed or not (and then decide to
T2 112 22 19.6% roll back or narrow down). Through this way, Flota can help pro-
T3 112 22 19.6% grammer fast narrow down the exactly responsible changes. Since
T4 118 12 10.6% this paper mainly focus on the change impact analysis of AspectJ
N2 708 677 95-62/0 programs, more information about fault locating techniques and
Ni ;83 ?gg 2??02 Flota implementation can be found in [23].

L2 759 705 92.8%

D2 851 382 44.8% 8. RELATED WORK

S2 1162 446 38.4% We discuss related work in the areas of change impact analysis,

regression testing, and delta debugging.
Table 5: Total method nodes in call graph (Nodes Num), num- 9 I "9 1gging

ber of affected method nodes (Affected Nodes) and percentage 8.1 Change Impact Analysis

of affected nodes (% Affected Nodes) Many change impact analysis techniques [5, 6, 13, 15, 16] have

) . been proposed in recent years, which are mainly focused on proce-
could _flnd, they are smaller than traditional Java software systems. qyral or object-oriented languages. Ryder et al. [16] use the atomic
For this case, we can not claim that these experiment results can b&hanges to determine the effects of a set of source code changes for
necessarily generalized to other programs. _Java, and a more sophisticated definition of the dependencies be-

On the other hand, threats to internal validity maybe mostly lie tyeen atomic changes was given in [8] as well as the correspond-
with pogsible errors in our tool implementation and the measure ing analysis tool [15]. Our work is an extension of the concept of
of experiment result. To reduce this kind of threats, we performed iomic changes to aspect-related constructs to perform the change
several careful checks. For each result produced by Celadon, Weimpact analysis for AspectJ programs.
manually inspect the corresponding code to ensure the correctness. 7pz9 [24] presents an approach to supporting change impact

. analysis of aspect-oriented software based on program slicing. Sto-
7.6 AnaIyS|s Cost erzer and Graf [18] focus on the semantic modification of base code

The change impact analysis performed by Celadon runs in prac- and introduce a delta analysis to deal withfitagjile pointcutprob-
tical time. For example, the experiment was conducted on a DELL |em, based on a comparison of the sets of matched join points for
€521 PC with AMD Sempron 3.0G HZ CPU and 1.0GM mem-  two program versions. Shinomi and Tamai [17] discuss the impact
ory, for the two largest program®D andDcm calculating atomic  analysis of aspect weaving and its propagation through the base
changes from two successive versions takes, on average, approxprogram and aspects. They focus on the change impact caused by
imately 8.3 and 9.2 seconds, respectively. Computing the set thethe weaving aspect. In our work, we present the atomic changes
affected tests for each version pair takes about 1.4 and 1.8 secondsior aspect-related constructs to capture program semantic changes
and computing affecting changes takes on average approximatelyin the source code level. The change impact model can be used
2.0 and 2.6 seconds, respectively. Determining the impacted pro-to determine the affected program parts, affected tests and their re-
gram parts in the new version costs about 0.9 and 1.1 seconds orsponsible changes effectively.

average, respectively. . .
8.2 Regression Test Selection for AspectJ pro-

7.7 Discussion grams

Next, we discuss an application of our change impact analy- Change impact analysis is also related to the regression test se-
sis technique, locating bugs in AspectJ programs using our Flotalection techniques for aspect-oriented programs [10, 25]. The re-
tool. As shown in Section 7.4.2, the number of atomic changes re- gression tests selection techniques aim at reusing test cases from
flect the source modifications between program versions and evenan existing test suite to retest the new version of programs in or-
small changes in AspectJ program can dramatically affect the be-der to reduce the testing effort. Our approach can also be used to
haviors of original program. Therefore, if a regression test fails identify the affected test cases in AspectJ programs and help handle
after an editing session, it may be tedious to find out the exactly the regression selection problems that are unique to aspect-related
reasons by manually inspecting all source modifications, especially constructs.
when having hundreds or thousands of changes in large systems .

As discussed in Section 5 and 7.4.2, our change impact analysisB-3 Delta DebUggmg

has the potential application of isolating the responsible changes Delta debugging, first proposed by Zeller [22], is used to iden-
and providing debugging support for Aspectd programs. We have tify the reasons for a program failure among large sets of textual
implemented the debugging support technique in our fault local- changes. It searches the entire set of changes and builds the inter-
ization tool - Flota which is built on top of Celadon. Flota can mediate programs by repeatedly applying different subsets of the
effectively reduce the number of the responsible changes when achanges to the original program. Zeller's approach only used tex-
specific test fails, by repeatedly constructing the intermediate pro- tual differences (Changes like changing one line or one character)
gram version. For example, in our experimental study, one test between succeeding and failing program executions. However, the
testRevocationinfo in packagecertrevsim  in the 2nd ver- debugging support provided by our model taken into account the
sion of Dcm benchmark fails, Celadon reports a total 36 affectinig dependence relationships between atomic changes to ensure com-
changes, which accounting 42.5% of the total changes. When start-pellability. In our approach, programmers choose the most likely
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failure-inducing changes from the atomic change set to generate AspectJ programs, 2004.
meaningful intermediate program version. And they need not to [10] R. A. Guoging Xu. Regression test selection for Aspect]
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